Viruses are an important top-down control on microbial communities, yet their direct 11 study in natural environments has been hindered by culture limitations [1][2][3] . The advance of 12 sequencing and bioinformatics over the last decade enabled the cultivation independent 13 study of viruses. Many studies focus on assembling new viral genomes 4-6 and studying viral 14 diversity using marker genes amplified from free viruses with POLA being the most impacted and SPOT resembling open ocean conditions. In all of these 33 sites free virus-like particles outnumber bacteria and archaea roughly 10:1 (sup. fig. 1 ). We 34 examined only the 0.2-1 µm size-fraction, which includes most bacteria, archaea and some 35 picoeukaryotes. Via assembly of metatranscriptomes, we obtained 1455 contigs longer than 5 kb 36 of which 57 (3.9%) were characterized as viral using virSorter and virFinder (see methods). 37
study in natural environments has been hindered by culture limitations [1] [2] [3] . The advance of 12 sequencing and bioinformatics over the last decade enabled the cultivation independent 13 study of viruses. Many studies focus on assembling new viral genomes [4] [5] [6] and studying viral 14 diversity using marker genes amplified from free viruses 7, 8 . We used cellular 15 metatranscriptomics to study community-wide viral infections at three coastal California 16 sites throughout a year. Generation of and recruitment to viral contigs (> 5kbp, N=66) 17 allowed tracking of infection dynamics over time and space. Here we show that while these 18 assemblies represent viral populations, they are likely biased towards clonal or low 19 diversity assemblages. Furthermore, we demonstrate that published T4-like cyanophages 20 (N=50) and pelagiphages (N=4), having genomic continuity between close relatives, are 21 better tracked using marker genes. Additionally, we demonstrate determination of 22 potential hosts by matching infection dynamics with microbial community composition. 23
Finally, we quantify the relative contribution of various cyanobacteria and viruses to 24 photosystem-II psbA expression in our study sites. We show sometimes >50% of all 25 cyanobacterial+viral psbA expression we observed is of viral origin, which highlights the 26 proportion of infected cells and makes viruses a remarkable contributor to photosynthesis 27 and oxygen production. 28 29 We sampled surface seawater in different seasons over three sites across the San Pedro Channel, 30
California, USA: The Port of Los Angeles (POLA), Santa Catalina Island Two Harbors (CAT) 31 and the San Pedro Ocean Time-series (SPOT). These sites represent a gradient of human impact 32 with POLA being the most impacted and SPOT resembling open ocean conditions. In all of these 33 sites free virus-like particles outnumber bacteria and archaea roughly 10:1 (sup. fig. 1 ). We 34 examined only the 0.2-1 µm size-fraction, which includes most bacteria, archaea and some 35 picoeukaryotes. Via assembly of metatranscriptomes, we obtained 1455 contigs longer than 5 kb 36 of which 57 (3.9%) were characterized as viral using virSorter and virFinder (see methods). 37
Additionally, a cross-assembly of the metatranscriptomic viral contigs with metagenomes of the 38 same samples (N=12) yielded 9 more contigs (mean length 26,563 bp) characterized as viral. 39
Most of the contigs represent dsDNA viruses (N= 65) as apparent from their presence in 40 metagenomes, but one appears to be an RNA virus possibly infecting a eukaryotic host. This 41 contig contained an RNA-dependent-RNA-polymerase whose nearest match in NCBI non-42 redundant database was marine Antarctic phytoplankton RNA virus PAL_E4 9 . These 66 viral 43 contigs revealed varied patterns of presence (in metagenomes) and activity (in 44 metatranscriptomes) in the three sites over a year ( fig. 1) . 45
Active non-synchronized viral infection would manifest as recruitment to an entire contig in both 46 metagenome and metatranscriptomes of the same sample. We found that patterns of mean 47 coverage from metagenomes and metatranscriptomes of our assembled viral contigs usually 48 differed, not just between metagenomes and metatranscriptomes but also between dates and 49 locations, implying widespread boom-bust dynamics of infection. While some variation may be 50 due to synchronization known for some photosynthetic and heterotrophic bacteria in the 51 ocean 10,11 and for some of their phages 12 , this explanation is less likely as samples were collected 52 from all sites within the same 4 hours morning-time window. 53 Some regional patterns were evident, e.g. some viral contigs were unique to the Port of LA ( fig.  54 1), and that site always clustered separately from SPOT and CAT by Bray-Curtis similarity of 55 expression of viral contigs (sup. fig. 1B ). This pattern corresponds to the difference in biotic 56 parameters between the port and the other sites (sup. fig. 2 ), though the port did not cluster 57 separately in microbial community composition by 16S-rRNA (sup. fig. 1A ). The recruitment plots also reveal a common pattern of recruitment to short fragments near 100% 92 identity whereas the rest of the genome or contig is only recruited to at lower percentage if at all 93 (sup. fig. 3 ). This pattern highlights two issues: (1) some genes are so conserved or so often 94 laterally transferred that their partial sequences cannot be used to identify which phage is present 95 and (2) that mean coverage of contigs could be highly biased by these conserved regions which 96 needs to be considered when evaluating abundance of the contigs and for coverage-based 97 binning of genomes.
98
A previous report indicated that Synechococcus phage genomes occur in discrete "clouds" with a 99 discontinuity in recruitment below ~95% identity 17 . While this pattern exists for some 100 cyanophage genomes, and we often saw some gaps in coverage at ~90-95% consistent with that 101 idea (sup. fig. 3 ), it is by no means the rule in our data, especially for pelagiphages ( fig. 2C ). We 102 also note that widely used recruitment algorithms only map reads with a local or end-to-end 103 match at a very high percent identity, and would therefore miss much genetic diversity that may 104 be relevant ( fig. 2B ). 105 106 107
Figure 2: Metagenomic read recruitment to (A) an assembled cyanophage contig and (B) 108
Prochlorococcus phage P-HM2 genome. Most recruitment to the assembled contig is at 99-109 100% identity (high density near 100% is not fully evident from the graph due to overlaps, see 110 C), whereas P-HM2 reveals a genomic continuum. (C) Recruitment as a function of percent ID 111 of reads demonstrates that assembled contigs mostly recruit at 100% ID and have few 112 moderately close relatives (top) whereas published genomes of cyanophages reveal clouds of 113 moderately close relatives but few matches near 100% (middle), and pelagiphages range from 114 100% down (bottom). 115 116
We were surprised not to find multiple cyanophage (especially myovirus) contigs, because such 117 cyanophages belong to the family Myoviridae, some of the most common dsDNA viruses in the 118 ocean 18 and we know this region has a diverse community of myoviruses and cyanobacteria 7,14 . 119
Few of the assembled viral contigs contained myoviral marker genes (e.g. capsid protein gp23) 120 (sup. 118°28.51'W). Duplicate samples of 20 liters were filtered in each location through an 80 µm 213 mesh followed by a glass fiber syringe prefilter (Gelman, 4523) which collected the >1 µm size 214 fraction and a 0.2 µm PES Sterivex filter (Millipore, SVGPB1010) which collected the free-215 living size fraction. RNAlater (Thermo-Fisher, AM7020) was added to each filter and filters 216 were flash frozen no more than 5 minutes post-filtration. 217
Library preparation 218 DNA and RNA were extracted simultaneously from Sterivex filters by bead-beating followed by 219
an AllPrep kit (Qiagen, 80204). An internal standard (ERCC RNA Spike-In Mix, Thermo-Fisher 220 4456740) was added into the lysate after bead-beating for quality assurance. RNA was enriched 221 for mRNA with RiboZero (Illumina, MRZB12424 
